We report absolute differential cross sections (DCSs) for elastic electron scattering from OCS (carbonyl sulphide) and CS 2 (carbon disulphide) in the impact energy range of 1.2-200 eV and for scattering angles from 10
I. INTRODUCTION
The present experimental results for OCS (carbonyl sulphide) and CS 2 (carbon disulphide) complete our objective in providing differential cross section (DCS) measurements for elastic electron scattering from linear tri-atomic molecules, such as HCN, 1 CO 2 , 2 and N 2 O. 3 Studies on OCS have attracted considerable attention from the scientific community because it plays an important role in the global sulphur cycle, along with other sulphur containing molecules found in seawater namely, (CH 3 ) 2 S and (CH 3 ) 2 SO. 4, 5 These molecules, while being precursors of sulphate aerosol particles and cloud condensation nuclei, can act as a feedback mechanism in climate regulation, affecting the Earth's radiative balance by direct scattering of solar radiation. OCS is also a source of biogenic sulphur, [6] [7] [8] [9] [10] and has been detected in the interstellar medium and in the upper atmospheres of Venus and Jupiter. [11] [12] [13] [14] Recently, the quantitative assessment of sulphur isotope distributions in geological samples through UV absorption has provided a record of atmospheric composition, indicating the role of OCS in the radiative forcing of the a) Author to whom correspondence should be addressed. Electronic mail: masami-h@sophia.ac.jp. Tel: (+81) 3 3238 4227. Fax: (+81) 3 3238 3341.
former Archaen atmosphere. 15 OCS is also used technologically as a new additive gas for fine etching of semiconductors in low-temperature plasmas. 16 From an astronomical point of view, the identification of the UV-visible spectra from CS, C and S emissions from comets has attracted the study of the stable parent molecule, CS 2 , of those atomic and radical species. 17 From the quantum chemical point of view, CO 2 , OCS, and CS 2 have been investigated extensively as they form a series of closely related triatomic linear molecules. Their electronic ground-state configurations are similar, but their dipole polarizabilities vary significantly, being 19.6 a.u. for CO 2 , 38.5 a.u. for OCS, and 59.8 a.u. for CS 2 . 18 In addition, only OCS has a permanent dipole moment of 0.715 D. 19 The sulphur atoms in CS 2 , with low-lying d orbitals, have a significant influence on the chemical bonding as well as a prominent role in the ionization dynamics of the molecule. 20 As far as electron collisions with OCS and CS 2 are concerned, a literature survey allows us to briefly summarize the elastic differential and integral cross sections, as well as the grand total (elastic + inelastic) cross sections as follows.
For OCS: Total cross sections have been measured by Szmytkowski et al. ( impact energy E 0 = 0.2-100 eV), 21, 22 Dababneh et al. (E 0 = 0.8-40 eV), 23 Zecca et al.
(E 0 = 90-4000 eV), 24 Sueoka et al. (E 0 = 0.8-600 eV), 25 and Jones et al. (E 0 = 0.015-2.5 eV). 26 The elastic differential cross sections were measured by Sohn et al. (E 0 = 0.3-5 eV, for scattering angles θ = 12.5
• -138 • ), 27 Sakamoto et al. (E 0 = 1.5-100 eV, θ = 20
• -130 • ), 28 and Hoffmann et al. (E 0 = 0.06-20 eV, θ = 135
• ). 29 Integral elastic cross sections have been obtained by Sohn et al. (E 0 = 0.4-5 eV), 27 and Sakamoto et al. (E 0 = 1.5-100 eV). 28 Differential, integral elastic, and momentum transfer cross sections have been calculated by using the independent atom model (IAM) at intermediate energies of 100-1000 eV 30 whereas the integral elastic cross section, calculated using the continuum multiple-scattering model from 0 to 100 eV, has been reported by Lynch et al. 31 The elastic DCS and ICS were also calculated by Bettega et al. 32, 33 Gianturco and Stoecklin, 34 Michelin et al., 35 and Heng et al. (E 0 = 200-1000 eV, θ = 20
• -130
• ). 36 Finally, the total cross section was calculated above 200 eV by Raj and Tomar, 30 who have employed an optical model approach.
For CS 2 the total cross section has been measured by Szmytkowski, at impact energies from 0.2 to 80 eV, 37 and by Jones et al. from a few meV to a few hundred meV impact energy. 38 Elastic differential cross sections were measured by Sohn et al. (0.3-5 eV, and for scattering angles θ = 12.5
• -138
• ), 27 Sakamoto et al.
and Allan (E 0 = 1-12 eV, θ = 135 • ). 39 Integral elastic cross sections were obtained by Sohn et al. (E 0 = 0.3-5 eV) 27 and Sakamoto et al. (E 0 = 1.5-100eV). 28 Theoretical studies of the integral elastic cross section have been performed by Lynch et al. (E 0 = 0.4-1000 eV), 31 using the continuum multiple-scattering model. Szmytkowski (E 0 = 1-100 eV) 40 performed a two-centre, parametric optical potential calculation for differential, integral elastic, and momentum transfer cross sections. Raj and Tomar (E 0 = 100-1000 eV) 30 have employed the IAM, while Lee et al. (E 0 = 0.04-100 eV) 41 have made use of the Schwinger variational iterative (SVIM) method using the distorted-wave approximation. Schwinger multichannel (SMC) calculation results at both the static exchange (SE) and static exchange plus polarization (SEP) levels have also been reported by Bettega et al., 42, 43 with a further computation from Gianturco and Stoecklin 44 also being noted.
In the present work we have conducted a comprehensive, combined experimental-theoretical study on OCS and CS 2 . It is worth noting that although our present data on OCS has been cited partially in comparison with the computational methods available, [32] [33] [34] [35] the complete set of cross sections in this report have not been presented in detail from an experimental point of view. As such, new measurements are compared with the existing experimental and theoretical data below 3 eV and above 100 eV. Also, following on from our series of studies on "atomic-like" effects which appear to prevail in high-energy electron scattering from molecules, [45] [46] [47] [48] we further extend this study by comparing the elastic DCSs for OCS and CS 2 , where collisions with atomic sulphur appear to dominate the scattering dynamics. Further evidence lending support to this behavior is demonstrated by our IAM-SCAR results. This paper is organized as follows. In Sec. II, we describe briefly the experimental setup and procedure. In Sec. III, a brief description of the present IAM-SCAR computations is provided. Section IV is devoted to the results and discussion and we conclude with a short summary.
II. EXPERIMENT
The present experiments were performed with two electron spectrometers that have been described in detail in previous papers (e.g., Tanaka et al. 49 and Kato et al. 46 ). Briefly, in both systems, the main features are a crossed electronmolecular beam arrangement, incorporating hemispherical monochromators and analyzers, electron lens systems with computer-driven voltages, and differential pumping for the electron optics. One of these experiments has been designed to be used at higher impact energies (>50 eV), with access to the larger scattering angles up to 150
• which is gained by operating it at a somewhat lower energy resolution. As far as the impact energy range is concerned, the first (high resolution) apparatus covers the range from 1.2 to 60 eV and an angular range from −20
• to +130
• , whereas the second (lower resolution) apparatus allows an energy range from 100 to 200 eV and an angular range from −20
• to 150
• . The overall energy resolution was 35 meV (FWHM -high resolution) or 90 meV (FWHM -low resolution).
The vibrational fundamental modes, whose energy spacing in both OCS (ν 1 : 107 meV, ν 2 : 64.5 meV, ν 3 : 256 meV) and CS 2 (ν 1 : 81 meV, ν 2 : 49 meV, ν 3 : 190 meV) 50 means they can of course be excited in both apparatus, might also make some contribution (together with rotational excitation) to the elastic scattering intensity. With the present energy resolution these modes can only be partially resolved in the low energy (high resolution) apparatus, and rotational effects cannot be resolved at all. In the low energy (high resolution) measurements we thus measure a rotationally summed elastic DCS, while in the high energy (low resolution) measurements; we expect the contributions from both vibrational and rotational excitation to be negligible. In each case such small contributions are expected to exert very little influence on the shape or magnitude of the elastic DCS.
The energy scale was calibrated by reference to the 19.365 eV resonance in He, 51 and the quasi-vibrational ν = 0 → 1 peak of N 2 − , which occurs in elastic scattering at an incident energy of 1.97 eV. 52 In both spectrometers the angular scale zero was determined from the symmetry of the angular distribution for excitation of He 2 1 P about the nominal 0
• scattering angle, with an angular resolution estimated to be ±1.5
• . The molecular beam was produced effusively from a simple tube nozzle (L = 5 mm, D = 0.3 mm), kept at slightly elevated temperatures • C) throughout the measurements in order to avoid the contamination of OCS and CS 2 on the nozzle surface.
The measured intensities of elastically scattered electrons were converted into absolute cross sections by use of the relative flow technique, 53, 54 combined with the known DCSs of He. 55 It requires adjustment of the gas driving pressures to obtain equal Knudsen numbers in the beam-forming tube, so that the gas beam profiles remain similar. The actual head pressures behind the nozzle were about 3 Torr for He, 0.5 Torr for OCS, and 0.3 Torr for CS 2 , respectively. There have been persistent reports in the literature of nonlinearity in plots of the gas flow-rate versus head pressure, 56, 57 even for simple gases like N 2 . However, all these reports refer to capillary nozzles. We were not able to reproduce such nonlinearities with the present equipment.
Finally, we note that the overall uncertainties on the measured elastic DCS lie in the range 15%-20% with the largest component of the error being due to the uncertainty in the cross sections of the helium reference gas (∼20%).
III. THEORETICAL OUTLINE AND NUMERICAL ANALYSIS
In order to obtain a better understanding of our experimental results, we have calculated the e-OCS and -CS 2 elastic cross sections by using the screening corrected independent atom scattering method (IAM-SCAR) as well as the continuum multiple-scattering (CMS) method as a supplemental tool for carrying out the analysis. Both methods have been proven to be a reasonably successful tool for reproducing experimental observations at higher energies, not only for electron-polyatomic molecule collisions, but also in electron-diatomic molecules. In particular, the methods are useful for studying larger molecules where ab initio theoretical approaches are not readily applicable due to the required extensive computer time. Given the previous discussion of these techniques in the literature, a brief description will suffice for the present purposes.
In the IAM-SCAR approach, [58] [59] [60] [61] [62] the first subjects of the present calculations are the atoms constituting the molecules in question, namely C, O, and S. We represent each atomic target by an interacting complex potential (the so-called optical potential), whose real part accounts for the elastic scattering of the incident electrons, while the imaginary part represents the inelastic processes which are considered as "absorption" from the incident beam. To construct this complex potential for each atom, we followed the procedure proposed by Staszewska et al., 63 where the real part of the potential is represented by the sum of three terms: (i) a static term derived from a Hartree-Fock calculation of the atomic charge density distribution, 64 (ii) an exchange term to account for the indistinguishability of the incident and target electrons, 65 and (iii) a polarization term 66 for the long-range interactions which depends on the target polarizability α. 18 The imaginary part then treats inelastic scattering as electron-electron collisions. However, we initially found some important discrepancies with the available experimental atomic scattering data, which were subsequently corrected when a correct formulation of the absorption potential 58 was introduced. Further improvements to the original formulation, 63 such as the inclusion of screening effects and in the description of the electron's indistinguishability, 59 finally led to a model which provides a good approximation for electron-molecule scattering over a very broad energy range. [46] [47] [48] To calculate the cross sections for electron scattering from molecules, we follow the IAM by applying a coherent addition procedure, commonly known as the additivity rule (AR). In this approach, the molecular scattering amplitude is derived from the sum of all the relevant atomic amplitudes, including the phase coefficients, therefore leading to the molecular DCSs for the molecule in question. ICSs can then be determined by integrating those DCSs. Alternatively, ICSs can also be derived from the relevant atomic ICSs in conjunction with the optical theorem. 59 Unfortunately, in its original form, we found an inherent contradiction between the ICSs derived from these two approaches, which suggested the optical theorem was being violated. 67 We, however, solved this problem by employing a normalization procedure during the computation of the DCSs, so that ICSs derived from the two approaches are now entirely consistent. 67 A limitation with the AR is that no molecular structure is considered, so that it is really only applicable when the incident electrons are so fast that they effectively only see the target molecule as a sum of the individual atoms (typically when above about 100 eV). To reduce the effect of that limitation, we introduced the SCAR method, 60, 61 which considers the geometry of the relevant molecule (atomic positions and bond lengths) by employing some screening coefficients. With this correction the range of validity can be extended to incident electron energies as low as about 30 eV. For intermediate and high energies, this method has proven to be a powerful tool to calculate electron scattering cross sections from a high variety of molecules of very different sizes, from diatomic to complex biomolecules. 68 Moreover, this approach seems to be inherently suitable for electron scattering from a heavy atom-rich molecule, such as GeF 4, in which its application ranges down to 7 eV. 48 Furthermore, for the polar molecule OCS, additional dipole-excitation cross sections can be calculated through the IAM-SCAR and rotational contribution method 62, 69 which has been successfully used for other polar molecules such as H 2 O. 70 Thus, the range of validity of our approach may be extended to energies possibly below 10 eV.
In the present application all model improvements described above have been implemented in our DCS and ICS computations, for all species, at each energy considered. We note, however, that the present calculations revealed that contributions from the dipole moment, for OCS, are only significant for scattered electron angles below 10
• , which were not experimentally accessed in the present measurements. Importantly, those calculations were nonetheless used to obtain ICS in our extrapolation procedure.
In the CMS calculation, 71, 72 to overcome difficulties arising from (i) the many degrees of freedom of electronic and nuclear motions and (ii) the nonspherical molecular field in the polyatomic molecule, the molecular configuration space is partitioned into three regions, each with a corresponding potential. Those regions are the atomic spheres (region I), the interstitial region (region II), and the spherical region surrounding the whole molecule (region III). The scattering part of the method is based on the static-exchange-polarization potential model within the fixed-nuclei approximation. The static interaction is constructed from the electron density obtained from the discrete variational Xα method of Averill and Ellis. 73 The Hara-type free-electron gas model 74 is employed for the local-exchange interaction, while the dipole and polarization interactions are treated via terms proportional to r −2 and r −4 , respectively. A simple local-exchange potential replaces the more cumbersome nonlocal exchange potential, making the calculation tractable. After solution of the Schrödinger equation in each region, the scattering S-matrix is determined by continuity conditions at the bounding surfaces. Once the S-matrix is known, then the scattering cross-section can be easily calculated. This approach has been tested extensively and is known to provide useful information on the underlying scattering physics. Furthermore, the CMS method is also useful for interpolation and extrapolation of the experimental data, as is discussed below. The present measurements were limited to the angular range of 15
• for energies below 60 eV, and between 15
• and 150
• for energies above 100 eV. The measured DCSs were thus extrapolated to 0
• and to 180
• with the help of the present CMS and IAM-SCAR calculations. This approach was also confirmed by applying the Schwinger variational iterative method to crosscheck those extrapolated values, especially, at the lower impact energies. We note that the sole purpose of these extrapolations is to obtain the integral elastic cross sections from the DCS data, with a reasonable estimate for that part of the DCS that cannot be measured below 10
• and above 130
• or 150
• in the present work. Please further note that the percentage contributions to our derived ICS, from the angular DCS regions we could not experimentally access, varied from ∼30% at 4 eV to ∼61% at 200 eV, for OCS, and varied from ∼17% at 3 eV to ∼66% at 150 eV in CS 2 . As far as the ICS is concerned, this has been estimated as follows;
The uncertainties on the derived values for Q e are estimated to be about 25%-30%.
IV. RESULTS AND DISCUSSION
The experimental and theoretical results regarding the elastic DCS, elastic ICS, and TCS, for both OCS and CS 2 , are shown in Figures 1-6 and are presented in Tables I and II. A. OCS Figure 1 is intended to give an overall view of the evolution of the angular behavior and magnitude of the elastic DCS across the energy range. It shows the measured absolute elastic cross sections at electron impact energies from 1.2 to 60 eV for scattering angles of 15
• to 130
• , and from 100 eV to 200 eV for scattering angles between 15
• . The present calculated results (IAM-SCAR and CMS) are also plotted (the full blue and red dotted curves, respectively) from 1.5 eV to 200 eV in the figures. The present DCS can be compared with the experimental results of Sohn et al., 27 at impact energies below 5 eV, with Michelin et al. 35 at energies above 30 eV, and Hoffman et al. 29 below 10 eV at an scattering angle of 135
• . We also provide comparison with a range of other theoretical calculations, those of Raj and Tomar, 30 Lynch et al., 31 Bettega et al., 32, 33 Gianturco and Stoecklin, 34 and Michelin et al. 35 Between 1.2 and 10 eV the angular dependence of the cross section undergoes some significant changes, progressing from a strong forward scattering (1.2 eV) distribution through an essentially isotropic region, around 3 eV, before becoming dominated again by forward scattering at 10 eV. In the process, the minima in the cross section, which occurs at ∼100
• at 1.2 eV, develops into several shallow minima at around 30
• and 120
• , before again reverting to a dominant single minimum at ∼120
• and 10 eV. The behavior at lower energies is no doubt driven by several low energy resonances which have been revealed in previous experimental and theoretical studies. These include a 2 resonance at 1.2-1.33 eV and overlapping 2 and 2 resonances at around 3.7 eV. 29 In general, the angular distribution of the scattered electron reflects the specific angular momentum involved with a shape resonance. In the case of scattering around 1-3 eV the 2 shape resonance contributes to the elastic DCS, via trapping of the incident electron into a π * orbital through the = 1 angular momentum centrifugal barrier. This is not reflected directly in the measured elastic DCS, though the observed behavior may be due to an additional, significant contribution from d-wave ( = 2) scattering, moderated by contributions from the other partial waves.
Between 15 and 60 eV the cross section returns to be dominated by forward scattering but there is also the development of a dual minima in the cross section at ∼60 and 120
• -indicative of d-wave scattering. Between 60 and 200 eV the double minima vanish leaving again a strong forward peaking to the cross section and a single minimum at around 110
• -120
• . In Figures 2(a)-2(d) we compare, in more detail, between the present experiment and other experiments and theories at four selected energies, 2.0, 5.0, 20, and 100 eV. At 2 eV (Figure 2(a) ), the agreement between the present data and that of Sohn et al. 27 is excellent across the common range of angles. The best agreement with theory is shown with the calculation of Gianturco and Stoecklin, 34 particularly for scattering angles lower than about 80
• . None of the other calculations reproduce all of the essential features of the experimental DCS. At 5.0 eV (Figure 2(b) ) the general level of agreement between experiment and theory is considerably better, with all calculations reproducing the overall behavior of the DCS, with the IAM-SCAR calculation being perhaps the best of all across the angular range. Considering now 20 eV, Figure 2(c) , all of the theoretical calculations are once again in good overall agreement with the experiment, although the CMS method does not predict the occurrence of the first minimum at around 70
• . Finally, at 100 eV, Figure 2(d) , there is excellent agreement between the present measurements and those of Michelin et al., 35 and very good accord between our experiment and the IAM-SCAR result, the SMC calculation of Michelin et al. 35 and the CMS calculation of Raj and Tomar. 30 In Figure 3(a) , the integral elastic cross section (Q e ) derived from the present DCS are compared with other total elastic measurements and calculations. The agreement between the various experiments is excellent-roughly at the ±15% level across the whole energy range. Best agreement between the present measurements and theory is seen with the J. Chem. Phys. 138, 054302 (2013) calculations of Lynch et al. 31 and Bettega et al., 33 although it could be said that all of the theoretical calculations provide a reasonable description of the energy dependence and magnitude of the integral elastic cross section, including the present IAM-SCAR and CMS calculations.
In Figure 3 (b) we make comparisons between the present data and calculations and previous (measured and calculated) grand total cross sections. The "present data" in this case takes two forms. At low energies (<4 eV) it represents a sum of our integral elastic cross sections with the vibrational cross sections from Sohn et al. 27 At higher energies, the present grand total cross section is the sum of our experimental integral elastic cross section together with the total inelastic cross section calculated within the IAM-SCAR formalism. Within a reasonable margin of error (∼10%), the present result provides a good description of the grand total cross section in both the energy dependence, and magnitude, below 30 eV. It exhibits an increasing trend in magnitude due to the 2 resonance at ∼1.3 eV and a weak maximum due to the overlapping section is demonstrated in Figure 3(b) . For completeness we also show in Figure 3(b) the contributions to the inelastic and ionization cross sections from other various calculations and experiments. Figure 4 shows the overall behavior of the elastic differential cross sections for CS 2 at energies between 1.5 and 200 eV. The present calculated results (IAM-SCAR and CMS) are also presented and compared, as are the Schwinger variational calculations of Lee et al., 41 the SMC results of Bettega et al., 42, 43 the results from the calculation of Gianturco and Stoecklin 44 and the IAM calculations of Raj and Tomar. 30 We also compare with the other available experimental results, those of Sohn et al. 27 and Allan. 39 We note that the measurements of Allan 39 were obtained at a fixed angle (135
B. CS 2
• ) and mainly focused on the high-resolution study of near threshold features in the vibrational excitation. The present experimental DCS, and the integral elastic cross sections derived from them, are provided in Table II .
The overall behavior of the DCS as a function of energy in Figure 4 shows some similarities, particularly at low energies, to that exhibited from OCS. At the lowest energy (1.5 eV) the DCS exhibits relatively strong forward scattering, particularly if one considers the extended angular range data of Sohn et al. 27 This quickly flattens out by ∼3 eV where a similar pair of week minima is observed at around 30
• , as for OCS. Beyond 5 eV the DCS once again becomes quite strongly forward peaked with a single, large-angle minima, and at intermediate energies, above ∼15 eV, two minima are clearly discernible, suggesting therefore some dominance of d-wave scattering. By 200 eV the cross section has a single minimum at 110
• and its size extends (for the angles measured) over roughly two orders of magnitude. The agreement with the experimental values of Sohn et al. 27 is excellent at all common energies, while the various theories, in general, provide a very good description of the DCS, particularly as the energy increases above ∼20 eV.
In Figure 5 we now provide a more detailed comparison with a selection of DCS results at energies of 1.5, 5, 20, and 100 eV (Figures 5(a)-5(d), respectively) . At 1.5 eV we see, as noted above, excellent agreement between the present experimental cross section and that of Sohn et al. 27 The SVIM calculation of Lee et al. 41 provides a good overall description of the shape of the DCS but it is generally higher in magnitude, with the exception of the most forward angles we see good agreement between this calculation and the data of Sohn et al. 27 Perhaps not surprisingly, the IAM-SCAR calculation does not predict the DCS well at this energy, with a completely different angular dependence and magnitude at low angles. However, above about 100
• , this theory is in relatively good accord with experiment. At 5 eV ( Figure 5(b) ) the agreement with Sohn et al. 27 is again very good, although some small differences in magnitude occur for scattering at mid angles (∼60 • ). As at lower energies, the IAM-SCAR, SMC 42, 43 and SVIM 41 theories provide good agreement with experiment in different angular ranges, with the SVIM calculation in better agreement at angles below 60
• , while the IAM-SCAR result agrees better at larger angles.
At 20 eV ( Figure 5(c) ) all five calculations agree with experiment very well for angles less than 60
• . Above this, the IAM-SCAR method provides the best description of the experimental data, passing through the experimental points at essentially all angles. Finally, at an energy of 100 eV ( Figure 5(d) ), the minimum at around 60
• has almost disappeared while that at 120
• is now quite deep, with the overall measured cross section occupying more than two orders of magnitude in scale. At this energy we can compare with four calculated cross sections and again, all provide an excellent agreement at smaller scattering angles, with the best overall agreement being found with the IAM-SCAR approach, although the SVIM cross section of Lee et al. 41 and the IAM calculation of Raj and Tomar 30 also provide a quite good comparison with experiment. At larger angles the CMS cross section is quite different to the experiment.
In Fig. 6(a) , the integral elastic cross sections which have been derived from the present DCS are compared with results from other measurements and calculations. Our Q e agrees well with the previous result of Sohn et al. 27 below 5 eV, but no other experimental data are available for comparison from 8 to 200 eV. Six theoretical approaches are available for comparison, those of Lynch et al., 31 Lee et al., 41 Bettega et al., 42, 43 Gianturco and Stoecklin, 44 and Raj and Tomar, 30 as well as the present IAM-SCAR calculation. The calculation of Raj and Tomar 30 (only above 100 eV) considerably overestimates the experimental measurement. The other five calculations are in good agreement with the experiment in the region between 5 and 30 eV, but all are slightly larger in magnitude than experiment at energies, both high and low, either side of this region. The calculation of Lynch et al. 31 shows a strong shape resonance at around 2 eV (see Figure 6(b) ), which is neither indicated in the present experimental integral cross section nor in that of Sohn et al. 27 Figure 6(b) shows the present grand total scattering cross section, obtained by adding together the experimental elastic integral cross section, and the total inelastic cross section, calculated in the IAM-SCAR approach. This cross section is compared with other experimental and theoretical values and we also show the present total inelastic cross section from the IAM-SCAR method compared with the available ionization and excitation measurements. The present total cross section is in good agreement with the measured values of Szmytkowski, 37 particularly at mid to higher energies, where although slightly lower in magnitude, the two results overlap within their estimated errors. At lower energies we may expect the present result to be lower than that of Szmytkowski's, as our result does not include vibrational excitation. The agreement with the IAM-SCAR cross section is very good across the whole energy range.
C. Comparison of the DCSs for OCS, CS 2 , and atomic-S
As three representative cases, the angular behavior of the DCS for OCS and CS 2 are illustrated at 3, 20, and 100 eV in Figure 7 , and compared with the calculated DCS for atomic sulphur and that for twice the DCS of atomic sulphur. As an initial observation it would appear that, at these energies, the shape of the angular distribution is largely derived from the atomic S or S 2 scattering. At the higher energies, 20 eV and 100 eV, the DCS for OCS and CS 2 largely overlap each other and show a similar angular distribution as for atomic S, with the "filling-in" of the minimum in the molecular cases being most likely due to their molecular structure. This seems a reasonable assumption, and the reason why the molecular DCS are relatively smoother is most likely due to their random molecular orientations in the gas. Of course, the angular scattering that is observed for the forward scattering angles is due to the long range interactions, such as the dipole polarizability and the permanent dipole moment. Although the variation of the molecular polarizability is from 38.5 a.u. (OCS) to 59.8 a.u. (CS 2 ), those effects are not clearly visible within the present measurements. Further investigations may be beneficial for the forward scattering at lower impact energies. As is evident from the level of agreement between the present experimental results and the IAM-SCAR calculation, the atomic-like effects are dominant in the scattering dynamics, even for the molecular structures. These features have been observed in several cases [45] [46] [47] [48] at higher impact energies above 50 eV. But, it is worth noting that the atomic form factor of the S atom (atomic number: 16) plays an important role in the elastic scattering from OCS and CS 2 , more so than the other constituents of C (6) and O (8), over the impact energy from a few eV to 200 eV.
V. SUMMARY
We have provided absolute elastic DCS for OCS and CS 2 in the energy range of 1.2-200 eV and over the scattering angles 20
• . Corresponding theoretical cross sections, calculated within the IAM-SCAR, and the CMS approaches, are found to be in good agreement with the experimental data above 10 eV, as are the results of a number of other calculations, some of which are ab initio. Good agreement is also found between experiment and theory at the integral elastic and grand total cross section levels. Atomic-like behavior in these scattering systems is shown here, and is highlighted by comparing the OCS and CS 2 elastic cross sections to recent theoretical results on atomic sulphur at intermediate and higher impact energies.
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